Introduction
[2] The city of Tehran is located in the northwestern part of Iran and is bordered by the Alborz Mountains to its north and the central desert (Dasht-e Kavir) to the south (see Figure 1 ). This region is known to be prone to dust storms originating from both active external dust source regions (Iraq, Syria, the Turkmenistan basin) and internal dust sources (the Dasht-e Kavir desert) [Prospero et al., 2002; Abdi Vishkaee et al., 2011] . Dust storms in Iran are known to have an impact on public health [Miri et al., 2007] and also to affect both surface and airborne traffic [e.g., Kutiel and Furman, 2003] .
[3] While the dust sources in the Middle East and in southwest Asia are particularly active in the summer [Middleton, 1986a [Middleton, , 1986b Prospero et al., 2002] , dust storms are also observed in the winter. Middleton [1986a Middleton [ , 1986b reported an average of 30+ dust storms per annum in Hamadan, west of Tehran, with three to five storms per month being observed in the winter (January-FebruaryMarch), which is the season with the lowest number of dust events. In addition, Kutiel and Furman [2003] showed that in a broad region encompassing Iraq and Iran there is a reduction in visibility below 11 km (indicating the presence of aeolian dust) between 5% and 15% of the time on average during winter.
[4] Abdi Vishkaee et al. [2011] have analyzed the dynamical processes leading to dust emission over countries surrounding Iran in the summer as well as the subsequent transport of dust toward northwest Iran. They have shown the prevalent influence of the Syrian/Iraqi sources and the importance of the summer Shamal for dust mobilization over these countries. The word "Shamal" in Arabic literally means "north" and designates strong northwesterly winds blowing in the Persian Gulf area during the summer (June to August) and the winter (November to March) [Perrone, 1979] . The characteristics of the two seasons' Shamals are markedly different. For instance, the summer Shamal blows practically continuously while the winter Shamal can be characterized as being of two general types based on duration: those which last 24-36 h and those which last for a typically longer period of 3-5 days. Winter Shamal events occur as frequently as two to three times per month between December and early March [Rao et al., 2001] . Although the winter Shamal is a relatively rare event, it is known to have a greater potential than its summer counterpart for adverse weather conditions such as thunderstorms, turbulence, low visibilities, and high seas. In addition, before the onset of the Shamal, winds in the area ahead of the approaching cold front blow from the south to southeast. These southerly winds (called Kaus in Arabic) slowly increase in intensity as the front approaches and may reach gale force before the frontal passage [Perrone, 1979] .
[5] The winter Shamal is associated with midlatitude disturbances that progress from west to east, and it occurs following cold frontal passages. The onset, duration, and strength of the winter Shamal winds vary depending on the dynamic interaction of upper air jet streams (i.e., the polar and subtropical jets [e.g., Perrone, 1979] ) and distribution of lower tropospheric pressure zones [Ali, 1994] and particularly the relative strengths of the Indian and Arabian thermal lows [Emery, 1956] . One important difference between the 24-36 h and of 3-5 day Shamals is that during the shorterduration Shamal, the upper air trough does not stall in the vicinity of the Strait of Hormuz but rather moves away quickly and smoothly to the east. As a result, the strong wind zone over the Persian Gulf area is advected southeastward with the surface cold front. This strong wind zone extends from the frontal position back to the northwest.
[6] The incursion of cold air into the Persian Gulf region from the north precedes the more intense winter Shamals. The mountains of Turkey, Georgia, and Iran provide an effective barrier to all but the most intense of these incursions. The basin-like contours of the Persian Gulf region, with sharply rising mountains to the north and east and more gradual upsloping terrain to the west and southwest, tend to direct the low-level air flow in a general northwest-southeast orientation.
[7] The winter Shamal is a wind that sets in with great abruptness and force and brings some of the strongest winds of the season to the Persian Gulf region [Hubert et al., 1983; Reynolds, 1993] . Furthermore, dust events associated with winter Shamal are generally more intense in horizontal and vertical extent than their summer counterpart [Rao et al., 2001; Perrone, 1979; Safar, 1980; Wilkerson, 1991] because of stronger interactions between the polar and subtropical jets. The strong postfrontal wind gust can reach 25 m s À1 which can reduce visibilities to a few hundred meters [Wilkerson, 1991] . Winter Shamal events are likely to mobilize large amounts of dust over the Middle East and southwest Asia (just as in the summer), thereby impairing air quality significantly in these regions.
[8] Figure 2 shows the number of occurrences of minimum daily horizontal visibility (see section 2.2 for a definition) Figure 1 . Map of orography in Iran as provided by the Global Land One-km Base Elevation Project (GLOBE, available from http://www.ngdc.noaa.gov/mgg/topo/globe.html). The location of Zanjan is indicated by the asterisk on the map. The locations of the cities of Tehran, Tabriz, Kermanshah, and Qom (Iran) are indicated as red squares. The locations of the cities of Al Sahra, Al Taji, Balad, Baghdad, Kirkuk and Mosul, Q-West and Tallil (Iraq) are indicated as blue squares. The location of the large intermittent salt lake called Daryacheh-ye Namak (1825 km 2 ), close to the city of Qom, is also shown (QDL, Qom Dry Lake).
less than 10 km in Tehran in the winter (February-March) and the summer (August-September) for the period 1998-2010. Such data are routinely reported by meteorologists. Episodes characterized by visibilities greater than 5 km are more numerous in the summer. On the other hand, episodes characterized by visibility less than 5 km are more frequently observed in the winter, and a significant number of events characterized by visibilities less than or equal to 2 km (generally considered to be representative of dust storms, see discussion in section 2.2) are also detected (20 in summertime and 70 in wintertime). In the winter, however, low visibility can be caused by phenomena other than dust storms, namely, fog, rain, and high levels of anthropogenic pollution. Nevertheless, the lowest visibilities (below 1 km) observed in wintertime are often related to dust storms.
[9] In this paper, advantage is taken of the suite of remote sensing instruments (ground-based lidar, Sun photometer) operated at the Institute for Advanced Studies in Basic Sciences (IASBS) in Zanjan, Iran, together with spaceborne and ground-based observations as well as model analyses to analyze the origin and the vertical distribution of the dust plumes transported from Iraq to northwest Iran during a winter Shamal event. As with Tehran, the city of Zanjan (located to the northwest of Tehran, see Figure 1 ) is prone to dust events (aeolian dust but also dust storms) from Iraq in the winter.
[10] In this study, we show that over Iraq the sharp reduction in surface visibility is associated with gale force winds and turbulence at the leading edge of the Shamalrelated cold front. The role of Kaus winds on dust emission is also highlighted. In northwest Iran (over the Iranian plateau), we provide evidence that the reduction in visibility occurs a few hours after the passage of the leading edge of the front and in connection with downward mixing of the dust aloft into the planetary boundary layer (PBL). Hence, we shed new light on the processes responsible for dust emission and transport over Iran in connection with the winter Shamal. Enhanced knowledge of these processes is key for improving dust forecasts in this region.
[11] The 22-23 February 2010 case is selected on the basis of lidar data quality and availability. The lidar observations are key to analyzing the role the PBL turbulence on the downward mixing of dust aloft toward the surface, thereby being an important link with the surface visibility observations. Note that the lidar data set for this case is the most comprehensive data set in our possession. Furthermore, the Iranian news agencies such as Mehr and IRINN have reported that five provinces of western Iran (Lorestan, Kordestan, Kermanshah, Ilam, and western Azerbaijan) were buried under a thick "blanket" of dust on Tuesday, 23 February 2010. Evening schools in Kordestan province were closed on that day, while the dust storm in Kermanshah province forced provincial authorities to close schools, universities, offices, and public organizations in all areas except in the east [Barrie and Nickovic, 2010] . To the best of the authors' knowledge, the case study presented here is representative of the winter dust plumes associated with Shamal winds over the study region.
Data

Surface-Based Remote Sensing Measurements in Zanjan
[12] In this study all measurements performed in Zanjan (36.7°N, 48.5°E) are located at 1800 m above mean sea level (amsl) at IASBS. A combination of colocated instruments, a Sun photometer, and a backscatter lidar [Khalesifard et al., 2005; Abdi Vishkaee et al., 2011] is used to investigate the vertical distribution and the optical properties of aerosols over Zanjan.
[13] The CIMEL Sun photometer (model CE318-2) measures the aerosol optical depth (AOD) at five wavelengths (440, 670, 870, 936, and 1020 nm) [Bayat et al., 2011] . It has been operational since 2006, and it has been part of the Aerosol Robotic Network (AERONET) since December 2009. The instrument is calibrated using PHOTONS (http:// loaphotons.univ-lille1.fr/photons/) calibration facilities in Lille. This procedure yields an estimated wavelength-dependent accuracy of 0.01-0.02 for the absolute AOD error [Dubovik et al., 2000] . The Angström exponent computed between 440 and 870 nm using level 2.0 AOD data available from AERONET is also used in this paper. This exponent is inversely related to the average size of the particles in the aerosol: the smaller the particles, the larger the exponent. Numerous works showed that when desert dust particles are present, the Angström exponent generally ranges between 0 and 0.5 as, for instance, over Africa [e.g., Holben et al., 1991] .
[14] The profiles of atmospheric extinction coefficient at 532 nm are retrieved using a standard lidar inversion technique [Fernald et al., 1972; Fernald, 1984; Cuesta et al., 2008] . Vertical and temporal resolutions of the lidar reflectivity profiles shown in this study are 24 m and 1 min, respectively, the latter being obtained after averaging 1200 individual laser shots acquired at a repetition rate of 20 Hz. The profiles of molecular extinction coefficient used in the inversion procedure are obtained from molecular density profiles computed using temperature and pressure data from balloon soundings Figure 2 . Number of occurrences of minimum daily horizontal visibility less than 10 km reported by the ground observer at Tehran meteorological station for the months of August-September (black columns) and the months of February-March (gray columns) for the period of 1998-2010. The total number of samples is 793 and 770 for summer and winter, respectively. The visibility data were binned in 1 km intervals.
launched from the nearby Tehran airport. The aerosol backscatter-to-extinction ratio (BER) used for the inversion is considered to be constant with altitude (multiple scattering associated with dust plumes for a zenith pointing groundbased lidar system is neglected). We use a backscatter-toextinction value of 0.014 sr À1 in order for the lidar-derived AOD to match that derived from the Sun photometer (on average between 04:40 and 08:20 UTC). This value is close to that obtained by Kaufman et al. [2003] for Saharan dust particles (i.e., 0.016 sr
À1
). For inversion, a backscatter ratio (the total backscatter coefficient divided by the molecular backscatter coefficient) of 1 is considered at 4.5 km above ground level (agl), i.e., above dust observed during the period of interest. Numerical sensitivity studies have shown an uncertainty of 2% in the lidar-derived AOD when neglecting aerosol layers at the normalization altitude (i.e., 4.5 km agl) with a particle backscatter coefficient of 10% of the molecular backscatter coefficient. Additionally, a geometrical correction is also applied to the backscatter signal below 500 m agl, i.e., the altitudes below which the lidar signal is not fully recovered by the overlap of the telescope field of view and laser beam [e.g., Cuesta et al., 2008] . We have estimated the full overlap height at around 0.5 km agl, as the lowest peak of the attenuated backscatter profiles in the mixing layer (from the surface and up to 1 to 1.5 km agl) occurs during the afternoon. To compensate for the overlap effect, we first linearly extrapolate below 0.5 km agl the profile of average attenuated backscatter coefficient between 0.5 and 0.8 km agl (where the average profile varies almost linearly). We derive the overlap factor as the ratio between the extrapolated and nonextrapolated attenuated backscatter coefficients below 0.5 km agl. Then we apply this factor to each profile of the time series. After the correction, we extrapolate each profile from 100 m agl and down to the surface (for the blind zone of the lidar system). Because of these estimations, the uncertainty of the lidar-retrieved AOD is 6% for the total column (and 17% below 0.5 km agl), assuming an uncertainty of the full overlap height of AE100 m. The uncertainty of the extinction coefficient and of the lidar-derived AOD for the total column is on the order of 30%, accounting for an uncertainty of 20% on the backscatter-to-extinction ratio (we assume it to be constant in altitude following Tesche et al. [2009] ), the backscatter ratio values at the normalization height, and the overlap correction. Between the surface and 500 m agl, the total uncertainty for the lidar-derived AOD is about 18% (only affected by 2% and 5%owing to normalization errors and uncertainties in the backscatter to extinction ratio, respectively).
Regional Networks
[15] The Iranian Meteorological Service operates a dense network of surface meteorological stations (more than 200 stations including synoptic and climatology stations, based on a report by http://www.irimo.ir/) that monitors horizontal visibility and meteorological observations throughout the country. Measurements performed by automatic weather stations in Kermanshah, Qom, Tabriz, Tehran, and Zanjan, Iran (see Figure 1 for locations), are used in this study (the data are available from http://www.irimo.ir). The Zanjan meteorological station is located $1 km from the IASBS. We also use meteorological measurements provided by U.S. military stations in Al Sahra, Al Taji, Baghdad, Balad, Kirkuk, Mosul, Q-West, and Tallil, Iraq (see Figure 1 , available from http:// weather.uwyo.edu/). These stations report surface data including pressure, temperature, humidity, and wind speed and direction. The visibility observations in Iraq and Iran are taken by observers looking at landmarks. Currently, human observers compile visibility reports based on visual observation of known landmarks (prominent structures like buildings, mountain tops, etc.). This procedure is naturally very subjective to the individual observer and is error prone. The errors of visibility estimate an increase proportional to the visibility, and the measurement scales take this into account. Because visibility observations are very much dependent on the observer, such measurements may not be comparable from station to station. Nevertheless, time series derived at a given station are expected to be self-coherent, and low visibilities associated with specific meteorological conditions are expected to be reported consistently from one event to the next. In the winter time, low visibility can be caused by fog, rain, and high anthropogenic pollution levels. It is also an indication of the presence of high dust loads in the lower atmosphere in the case of dust storms.
[16] In this paper, dust storms are considered to be associated with visibility values of 2 km or less, such as those of Abdi Vishkaee et al. [2011] . This threshold value on visibility enables us to account for both strong events occurring over dust source regions in Iraq (in which case, visibility is expected to be less than 1 km [Middleton, 1986b] ) and the visibility resulting from long-range transports over Iran (which are in the range 2-9 km) [Mahowald et al., 2007] . In the case of propagating dust storms, the arrival of airborne dust at a given site is generally associated with a significant decrease in visibility and high wind speed. Because smog in big cities (e.g., Tehran) and fog reduce the visibility significantly in the winter, wind speed is an important criterion for segregating between smog/fog and dust storm events. At the other end of the spectrum, visibility values above 10-12 km are considered to be representative of clean air conditions. Values of visibility ranging from 3 to 10 km can therefore be associated with more or less thick aeolian dust plumes as well as moderate pollution events.
[17] Finally, the Shamal cold front crossing time considered at each of the 13 stations is derived using the following criteria (at least five out of the six must be met): (1) a decrease in water vapor mixing ratio, (2) a decrease in temperature, (3) a increase of pressure, (4) northeasterly winds, (5) a wind surge (in excess of 6 m s À1 ), and (6) a sharp reduction of the visibility ($3 km h À1 or more). Likewise, the Kaus wind over Iraq is detected with a wind surge (6 m s À1 ), south or southwesterly winds, an increase in temperature, a reduction of visibility, and a decrease of pressure.
Spaceborne Observations
[18] The regional distribution of dust aerosols (mobilization and transport) is described using two complementary satellite products. First, the Moderate Resolution Imaging Spectroradiometer (MODIS) fields of AOD are obtained from the MODIS/AQUA Deep Blue Collection 005 over desert surfaces (MOD08 product). Only the daily level 3 AOD product at 550 nm processed with the deep blue algorithm [Hsu et al., 2004] available from the Giovanni Web portal (http://disc.sci.gsfc.nasa.gov/giovanni) is used. The MODIS AOD product used in this study is a level 3, gridded (1°Â 1°), daily product, representative of the aerosol load at midday. Comparisons between the Deep Blue and AERONET AODs are generally within 20-30% of each other, as demonstrated by Salustro et al. [2009 Salustro et al. [ , 2010 using AQUA collection 5.1 data from July 2002 to December 2008 over the Sahara as well as the Arabian Peninsula. Second, the vertical distribution of the aerosols is documented at the regional scale using the spaceborne Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) [Winker et al., 2007] on board the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) satellite.
[19] CALIOP-derived profiles of particle extinction coefficient (at 532 nm) are obtained from our own calculation (using level 1B version 2 data) as that by Cuesta et al. [2009] and Messager et al. [2010] , with a vertical resolution of 60 m and a horizontal resolution of roughly 12 km. We expect the uncertainty on the extinction coefficient and on the AOD to be on the order of 30%, accounting for an uncertainty of 20% on both the BER and the multiple scattering coefficients. Data from two daytime overpasses are used to analyze the case: around 10:35 UTC on 22 February as well as around 09:39 UTC on 23 February.
Reanalysis Data and Backward Trajectories
[20] Synoptic-scale meteorological conditions are established using 6-hourly Interim reanalyses of European Centre for Medium-range Weather Forecasts (ECMWF) for horizontal winds and potential temperature at the surface, 800, and 400 hPa. The resolution of reanalyses for the region covering the Middle East is about 0.75° [Dee et al., 2011] . Wind speeds issued from the reanalyses can provide valuable information regarding the potential activation of given dust sources at the regional scale. Equivalent potential temperature charts at 800 hPa are used to track the propagation of the cold front across Iraq and Iran. While the 800 hPa charts do not reproduce exactly the progression of the cold front at the surface, they provide the realistic framework for analyzing the westerly displacement of the cold air associated with winter Shamal during the event. Note that surface charts could not be used to depict the propagation of the front because of the presence of numerous topographic features and because of the mean elevation of Iran. For instance, the signal in the surface equivalent potential temperature charts appeared to be biased toward elevated terrain. This strongly impairs our capacity for objectively (or even subjectively) tracking the cold front across Iraq and Iran.
[21] The dust transport patterns between the source regions and Zanjan are assessed from back trajectory analyses using the HYSPLIT (Hybrid Single-Particle Lagrangian Integrated Trajectory) model (http://ready.arl.noaa.gov/HYSPLIT_traj. php) [Draxler and Rolph, 2003; Rolph, 2003] retrieved from the NOAA READY Web site (http://www.arl.noaa.gov/ready. html). Following Abdi Vishkaee et al. [2011] , in order to account for the inherent uncertainty of trajectory calculations, the backward trajectories are calculated as ensembles arriving within a specific arrival domain. The start point altitudes and times for the backward trajectories are defined on the basis of the ground-based lidar observations.
[22] Finally, since ECMWF reanalyses are used for looking at synoptic circulation and National Centers for Environmental Prediction (NCEP) reanalyses are used for running the HYSPLIT model, the consistency between the two reanalyses is crucial. Comparison among wind fields from the NCEP and ECMWF at 10 m agl, 800 hPa, and 400 hPa highlights the coherence between the two reanalyses (not shown). Figure 3a) . While the upper trough and associated surface low move eastward, a surface cold front extends south, then west from the low (Figure 3c) . The strong northwesterly winds of the Shamal form at and behind the cold front (Figure 3b ). The Kaus occurs over Saudi Arabia in the warm air ahead of the cold front (Figure 3c ).
[24] On 22 February at 18:00 UTC, the upper trough has moved to the east and its southern part is now located over northern Iran (Figure 4a ) while cold, dry air spreads over Iraq and northwest Iran (Figure 4b ). At 06:00 UTC on 23 February, the upper trough and related surface low are now east of Iran (Figure 4c ). Cold air masses at 800 hPa are now seen to lie across Iraq, northern Iran, and part of Turkmenistan ( Figure 4d ). As the front propagates southeastward, increasingly colder and drier air spreads over Iraq, as observed at the surface in all Iraqi stations (not shown).
Propagation of the Winter Shamal Cold Front and Related Dust Storms Over Iraq
[25] On the basis of the charts of 800 hPa equivalent potential temperature shown in Figures 3c, 4b , and 4d, it appears that the cold front is oriented northeasterly/southwesterly and that it propagates eastward. This is confirmed by our analysis of the cold front crossing times at each of the 13 stations considered in this study (see Table 1 ).
[26] Figure 5 shows the southeastward propagation of the cold front from Al Sahra to the north and Tallil to the south of Iraq, between 04:50 and 14:00 UTC on 22 February. In Al Sahra, the strongest observed winds are associated with the cold front. A very sharp decrease of the visibility (10 km to a few tens of meters in 2 h) is observed, following strong surface wind surges ($9 m s À1 , Figure 5a ). This behavior is an indication of the arrival of the leading edge of a propagating dust storm [e.g., Miller et al., 2008] . In the other stations, the strongest wind surges are observed to be associated with the Kaus wind blowing ahead of the cold front (Figures 5b-5d) . Nevertheless, the passage of the cold front in Kirkuk (Figure 5b ), Al Taji (Figure 5c ), and Tallil (Figure 5d ) is also associated with strong winds, in excess of 8 m s À1 . At these stations, a decrease of the surface horizontal visibility is first observed to be associated with the Kaus wind, then a second decrease is observed in relationship with the Shamal. In Kirkuk (Figure 5b ), the peak of Kaus and Shamal winds are separated by 2 h, and the strong Kaus winds reduce the visibility from 10 to 6 km, while the strong winds at the leading edge of the front further decrease the visibility from 6 to 0.2 km. The lag between the Kaus and cold front surges increases to 9 and 12 m s À1 in Al Taji and Tallil, respectively (Figures 5c and 5d) . In Al Taji, the Kaus surge reduces the horizontal surface visibility from 10 to 5 km, the visibility reaching 0.2 km after the passage of the cold front (Figure 5c ). Finally, the largest decrease in visibility associated with the Kaus wind is observed in Tallil, where the visibility reduces to 0.2 km in less than 2 h (Figure 5d ). The visibility increases slightly after the Kaus surge and prior to the arrival of the cold front, reaching 2.5 km. It then decreases to 0.2 km after the passage of the cold front.
[27] The dust mobilized at the leading edge of the front when passing over a dust source is trapped in the closed circulation behind the front [e.g., Goff, 1976; Simpson, 1987; Adlerman et al., 1999] and therefore can be transported over large distances as long as the density difference across the front is significant. The visibility in most cities is reduced to 200 m or less at the leading edge of the dust storm, and the period during which the visibility is less than 2 km varies between 24 h (Al Taji) and 48 h (Kirkuk, Tallil). The reason for the low visibility over the stations after the passage of the leading edge of the dust storm is likely related to the weak surface winds behind the front (as seen in Figures 5a-5d ) preventing the mobilized dust from advecting out.
[28] ECMWF reanalyses at 06:00 UTC on 22 February (Figure 3b) show that the Shamal surface winds over Syria and Iraq are in excess of 6 m s À1 and have the potential to activate dust sources, as is the case in other deserts when surface winds exceed that threshold [Pye, 1987] . This is confirmed by the MODIS-derived AOD field on 22 February which shows an area characterized by values in excess of 1 over northern Iraq (Figure 6a ) consistent with dust source activation. Cloud cover over most of Iraq and northern Iran prevents the retrieval of the AOD in this area (white areas are where no value could be determined). Nevertheless, the dense plume of dust sweeping from Syria into Iraq on 22 February can be seen on the true-color image captured by MODIS imager in the early afternoon (Figure 6b ). Distinct plumes rise from many individual sources in the Syrian desert. Within a few kilometers, the plumes blend into a dense cloud that completely obscures eastern Syria and western Iraq. The veil of dust is thick enough that the ground beneath is not visible.
[29] Daytime CALIOP measurements on 22 February (Figure 6c ) corroborate the large AOD values observed with MODIS over Iraq (AODs reaching 1 between 31°N and 32°N) and provide insight into the vertical structure of the aerosol plume south of 32°N. Aerosols are observed to be well mixed in a rather shallow layer, approximately 1-1.5 km deep over Iraq (Figure 6d ). In comparison, the depth of the PBL in the same region can reach 3.5-4 km in the summertime, as shown by Abdi Vishkaee et al. [2011] . North of 33°N, a thick deck of clouds is observed at the top of the PBL (water clouds are associated with very large values of the extinction coefficient and appear in white in Figure 6d) which prevents retrievals of lidar extinction coefficient in the lower levels.
Propagation of the Winter Shamal Cold Front and Related Dust Storms Over Northwest Iran
[30] In this section, we detail the propagation of the cold front and of the dust plume over northwest Iran in connection with surface visibility observations. The main reason we present the observations from the Iranian stations separately from the Iraqi stations is related to the processes underpinning the relationship between the cold front propagation and surface horizontal visibility, as now discussed. This relationship is connected to the diurnal cycle of the PBL and solar radiation and hence to local time. As a result, we shall mention both UTC and local time (LT) when discussing data over Iran in connection with PBL processes.
[31] The arrival of the cold front in Tabriz to the north occurs around 08:30 UTC (Table 1) in the morning of 22 February (Figure 7a ). The passage of the cold front is associated with a wind surge of 9 m s À1 and an increase of visibility, likely because the front does not encounter any active dust source over northwest Iran (or farther north). A large decrease of horizontal visibility from 10 to 0.1 km occurs around 07:00 UTC (10:30 LT) on 23 February, nearly 24 h after the passage of the cold front. This decrease is not associated with a wind surge but rather with light winds ($3 m s À1 ). Likewise, in Zanjan and Qom (Figures 7b  and 7c ), a marked decrease of surface horizontal visibility (of at least 7.5 km in 2 h) occurs nearly 12 h after the wind surges of $15 m s À1 associated with the cold front. The decrease in visibility is observed at 03:00 UTC (06:30 LT) in Zanjan ( Figure 7b ) and at 04:50 UTC (08:20 LT) in Qom (Figure 7c ) on the 23 February. In Zanjan, the fact that visibility is unaffected at the time of the wind surge likely means that no significant surface dust load is transported by the leading edge of the cold front, unlike what is observed over Iraq (Figure 7b) . Finally, the arrival of the cold front in Tehran is observed between 18:00 UTC on 22 February and 01:00 UTC on 23 February and is associated with a sharp reduction in visibility (from 10 to 5 km and then from 5 to 1 km) shortly afterward (Figure 7d ). The lowest visibilities in Tehran ($0.2 km) are observed around 04:50 UTC (08:20 LT), a time when the winds are lightest.
[32] According to ECMWF analyses, the cold front lies over central Iran on 23 February at 06:00 UTC (Figure 3d ), well south of Zanjan, Qom, and Tehran. On that day, clouds prevent MODIS AOD retrievals over most of Iraq (also white areas in Figure 8a ). However, a distinct aerosol plume is observed over the Dasht-e Kavir desert region in northern Iran. The eastern edge of the plume is also identifiable in the CALIOP data around 33°N, 57°E as enhanced extinction coefficients in the lowest 1 km (Figure 8c ), leading to maximum AOD values on the order of 0.5 (Figure 8b ), in fair agreement with the MODIS retrievals ($0.6). As the surface winds over northwestern Iran are mostly northwesterly, the The wind speed of the front-related surges at the time of the crossing is also given. Figure 1 for the locations of the stations). Green arrows indicate the time of the Kaus wind surges at the stations. Red arrows indicate the winter Shamal-related cold front crossing time at the stations (also see Table 1 ).
large AOD values could be due to (1) dust mobilization at the leading edge of the cold front as it passed over the dry lake at the western edge of the Dasht-e Kavir desert, a dust source known to be active in the summer [Abdi Vishkaee et al., 2011] and (2) the dust storm from Iraq. In Figure 7c , the 5 km surface horizontal visibility decrease observed at the Qom meteorological station located near the dry lake (a large intermittent salt lake called Daryacheh-ye Namak, $1825 km 2 , see Figure 1 ) is consistent with dust activation over the dry lake by the leading edge of the cold front. Also, HYSPLIT-derived backward trajectories starting over the region of high AOD values in Iran at 08:00 UTC on 23 February (Figure 8d ) indicate that the air masses between 0.5 and 1.5 km have traveled over northern Tehran and northern Iran a few hours before being present over the Dasht-e Kavir desert and over northern Iraq on the previous day.
[33] In summary, over the Iranian plateau, the reduction in visibility occurs a few hours after the passage of the leading edge of the front, as opposed to what is observed over Iraq where the reduction of visibility is concomitant with the time of arrival of the front leading edge. A notable exception is the station of Kermanshah in Iran, located on the western slopes of the Zagros Mountains, where the reduction in surface horizontal visibility is observed to coincide with the arrival of the leading edge of the cold front (not shown). Another difference is the signature of the Kaus (a southerly wind) blowing ahead of the approaching cold front which is observed over Iraq but not over Iran.
[ 34] In the following, we analyze the processes underpinning the relationship between the cold front propagation and surface horizontal visibility, in connection with the diurnal cycle of the PBL, using the suite of remote sensing instruments and meteorological data at IASBS in Zanjan.
Evolution of the Vertical Distribution of Dust in Zanjan
[35] HYSPLIT-derived backward trajectories starting in Zanjan at 06:00 UTC on 23 February (Figure 8e ) indicate that the air masses between 0.5 and 1.5 km have traveled over northern Iraq and Syria the previous day (22 February), while between 2 and 3 km the air masses have passed over Turkey.
[36] Focusing on the 21-23 February period, it can be seen that the value of the Angström exponent decreases with increasing AOD. The largest values ($1.5) are observed on 21 February, before the arrival of the cold front. At the time the cold front passes over Zanjan (midday on 22 February), the Angström exponent decreases to 0.5-0.6, thereby indicating the advection of bigger particles, likely dust [e.g., Holben et al., 1991] . Finally, at the time of the sharp reduction of visibility around 01:30 LT (05:00 UTC) on 23 February, the smallest Angström exponents are observed ($À0.13/À0.125) . These values suggest the transport of even bigger particles in the air masses behind the cold front.
[37] Figure 9a shows the time-height series of lidar extinction coefficient profiles recorded at IASBS in Zanjan on 23 February 2010. High-value extinction coefficients are observed below 2 km agl from 04:30 LT (01:00 UTC), which correspond to the transport of dust over the Zanjan station. In the morning (04:30-08:30 LT, 01:00-05:00 UTC), the dust plume appears to be separated from the surface and to be overlying a cleaner layer as also seen in the extinction profile at 05:30 LT (02:00 UTC) (Figure 9c ). The existence [38] Associated with the dust plume, the Sun photometer at IASBS measured AODs in the 1 to 1.5 range between 08:00 and 11:00 LT (04:30 and 07:30 UTC) (Figure 9b ). The lidar-derived AOD is also found to be relatively constant and around 1.2 until 14:30 LT (11:00 UTC) and to decrease afterward as the dust plume thinned out between 15:30 and 20:30 LT (12:00 and 17:00 UTC).
[39] Finally, the elevated dust layer appears to be descending before sunrise (occurring at 06:43 LT (03:13 UTC) on 23 February), as supported by the HYSPLIT backward trajectories, Figure 8e ), because of strong subsidence prior to 09:30 LT (06:00 UTC) as confirmed by the ECMWF analyses above northwest Iran (not shown). On 23 February when the "new" convective BL develops after sunrise (around 06:30 LT, 03:00 UTC), it grows until its top reaches the elevated advecting dust layer (the PBL partly grows because of the entrainment process at its top). When the dust is entrained in the developing PBL, it is mixed in the vertical because of the strong turbulence in the PBL and high quantities of dust can reach the surface.
Summary and Conclusion
[40] Transport of desert dust over Iraq and northwest Iran associated with a wintertime case of Shamal winds has been studied using a suite of ground-based and spaceborne remote sensing platforms as well as modeling tools.
[41] During the 22-23 February 2010 case, dust emission regions were located in Syria/Iraq as in the summer cases reported by Abdi Vishkaee et al. [2011] . Emissions in Syria and Iraq occurred in response to strong northwesterly winter Shamal winds. Surface measurements over Iraq provided evidence that the visibility associated with dust lifting and transport by the Shamal winds was very low (less than 1 km) and could last for 1 to 2 days. The sharp reduction in horizontal visibility observed over Iraq occurred shortly after the passage of the cold front (behind which the northwesterly Shamal was blowing) and was likely associated with the strong wind gust in the vicinity of the leading edge of the front.
[42] In this case, dust was transported toward the Zagros Mountains at low levels as in the September case detailed by Abdi Vishkaee et al. [2011] . Unlike what was observed over Iraq, low near-surface horizontal visibilities (less than 1 km) over northwest Iran (e.g., Tabriz, Qom, Zanjan, and Tehran) were observed well after the passage of the cold front on 23 February 2010, generally in the hours following sunrise. Ground-based lidar measurements acquired in Zanjan have allowed new insights into this. They showed that in the wake of the front, dust from Syria/Iraq was transported in an elevated 1 to 1.5 km thick plume that was separated from the surface during the night/morning of 23 February. After sunrise, the entrainment process taking place at the top of the developing convective boundary layer led to mixing of the dust into the boundary layer and in turn to a sharp reduction of the horizontal visibility in Zanjan. Large AODs (larger than 1) were observed with the Sun photometer and the lidar until 13:30 UTC (17:00 LT) in Zanjan as well as with MODIS just east of Tehran around midday. The timing of the reduction of surface horizontal visibility in Tabriz, Qom, and Tehran (where there are no lidar data available), i.e., just after sunset, is consistent with the downward mixing of dust in the PBL as evidenced in Zanjan.
[43] The analysis of previously unavailable ground-based lidar data highlighted the importance of low-level transport of dust from both Iraq and Iran for air quality issues in a city located in northwest Iran, such as Zanjan. Furthermore, the analysis of the horizontal visibility data in other cities of Iraq and northwest Iran suggest that air quality can be adversely impacted during winter dust storms. For instance, the visibility in Tehran during 23 February was reduced to $2.5 km during most of the day, with minima below 200 m in some instances, in connection with the transport of dust at low levels, several hours after the synoptic cold front crosses Iran.
[44] In order to assess the impact of winter Shamal-related dust events on human health (respiratory and cardiovascular problems) and water resources and the damage on various sectors of the Iranian economy, additional study with adequate modeling tools is needed. This study sheds new light on the processes responsible for dust emission and transport over northwest Iran in connection with winter Shamal events.
